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2
 
3 
A 
a
, Maristella Vanoli
a,b
, Giovanna Cortellino
a
, Lorenzo Spinelli
c
, Davide Contini
b
, Els 4 
H
d
, Evi Bongaers
e
, Alexandra Nemeth
f
, Michael Leitner
f
, Pieter Verboven
e
, Bart M. Nicolaï
e
, 5 
Alessandro Torricelli
b 
6 
7 
a Consiglio per la Ricerca e Sperimentazione in Agricoltura, Unità di ricerca per i processi dell’industria 8 

ﬀroalimentare (CRA-IAA), via Venezian 26, 20133 Milano, Italy  9 
b Politecnico di Milano, Dipartimento di Fisica, piazza Leonardo da Vinci 32, 20133 Milano, Italy 1ﬁ 
c Istituto di Fotonica e Nanotecnologie, CNR, piazza Leonardo da Vinci 32, 20133 Milano, Italy 
11
 
d BIOSYST-MeBioS, KU Leuven, Willem de Croylaan 42 - box 2428, 3001 Leuven, Belgium 
12
 
e Skyscan Bruker Micro-CT, Kartuizersweg 3B, 2550 Kontich, Belgium 
1
3 
f
 RECENDT, Research Center for Non Destructive Testing GmbH, Science Park 2/2, OG, Altenberger 
1
4 
Sﬂﬃ  ! A-4040 Linz, Austria 
1
5 
1
6 
"#$
ﬀ
%ﬂ&'  
1
7 
A ! Consiglio per la Ricerca e Sperimentazione in Agricoltura, Unità di ricerca per i processi 18 
()**+,-(./0:,; ;<:=;*,>)-0;:) ?@BD-IAA), via Venezian 26, 20133 Milano, Italy; Phone: +39-02-19 
EF
 
GGIEJF, e-mail: anna.rizzolo@entecra.it2ﬁ 
 21 
*Manuscript
Click here to view linked References
KL

  
22
 
Air-dried apple rings were prepared from ‘Golden Delicious’ apples selected at harvest as less mature and 23 
more mature according to the absorption coefficient measured at 670 nm by time-resolved 24 
reflectancespectroscopy (TRS), stored in air for 5 months, and subjected to air-drying with (OSMO) and 25 
without (noOSMO) osmodehydration pre-treatment (60% sucrose syrup). Selected rings were submitted to 26 
microstructural analysis by X-ray computed tomography (X- CT), to subsurface structure analysis by 27 
Optical coherence tomography (OCT) and to texture and sound emission analysis by bending-snapping test. 28 
Higher crispness index, higher number of sound events and higher average sound pressure level (SPL) 29 
characterized the OSMO rings. Total porosity was related to SPLav<60, tissue and pore anisotropy to 30 
SPLav>60, pore fragmentation index to fracturability and specific surface area to the work required to snap 31 
the ring. A differentiation of the drying treatments, as well as of the products according to the TRS maturity 32 
class at harvest were obtained analysing by principal component analysis (PCA) microstructure parameters 33 
and texture and acoustic parameters. 
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ÐÆÅÒ ÂÑÄÄÓ ÂÄËÓÑÄÎ ÚËÃÕÔ ÅË ÑÈÂÒ ËÅÒÑÉ ÚÎ ÙÆÔÔÄÑ ÄÈÙÑÄÄÈì ÍÕ ÅÒÑÓÑ ÂÑÄÄÓÞ È ÄÈÉàÑ ÇÈÂÃËÄÑ occupies most of ÌêÌ 
ÅÒÑ ØÉËÅËØÄÈÓÅÞ ÈÕÔ ÅÒÑ ØÄÈÓÙÈÄÑÙÙÈ ÈÕÔ ÅËÕËØÄÈÓÅ ÈÉÑ ÂÄËÓÑ ÅË ÅÒÑ ÂÑÄÄÃÄÈÉ ÐÈÄÄì Cellular collapse as well ÌêÀ 
ÈÓ protoplast contraction and cell wall edge distortion were observed as a consequence of osmodehydration. Ìêâ 
ç
Õ ÅÒÑ ËÅÒÑÉ ÒÈÕÔÞ mÆÅÉ
owa-Rajchert and Rząca (2009) found that air-drying at 70°C caused in apple slices 
Ì
êä 
ã
ÂÇ
‘Idared’) changes in the structure properties of the material, bound to physical alteration, such as 
Ì
êå 
ÓÒÉÆÕßÈàÑÞ ÆÕÂÉÑÈÓÑÔ ØËÉËÓÆÅÎÞ ÔÑÂÉÑÈÓÑÔ ÈÚÆÄÆÅÎ ÅË ÆÙÚÆÚÑ ÐÈÅÑÉÞ ÈÕ
d damage to microscopic structure. The 
Ì
êæ 
ÓÈÙÑ
authors reported that in fresh tissue half of the population of the cells has a larger cross-section area 
Ì
êê 
ÅÒÈÕ ÜìÜ
éa
ÙÙ
2
, while most of the dried cells have a cross-section area of 0.0025 mm
2
 with 50% having À
íí
 
ÂÉËÓÓ
-section areas up to 0.0020 mm
2
. SEM images underlined that in air-dried apple rings the shrinkage À
í
¿ 
ÓÅÉÑÓÓ ÂÈÃÓÑ
s numerous breaks of cell walls, with microstructure being characterized by small cavities and À
í
Á 
ÇÑÉÎ ÒÆàÒ ÔÑÕÓÆÅÎ, with larger cells only in the boundary area of the slices, suggesting that shrinkage of air-ÀíÌ 
ÔÉÆÑÔ ÈØØÄÑ ÉÆÕàÓ
 was anisotropic (Witrowa-Rajchert and Rząca, 2009; Bai, Rahman, Perera, Smith, & À
í
À 
è
ÑÄÅËÕÞ ÛÜÜÛ; Lewicki & Jakubczyk, 2004). In addition, there has been reported a strong negative Àíâ 
ÂËÉÉÑÄÈÅÆËÕ ÚÑÅÐÑÑÕ ØËÉËÓÆÅÎÞ ÂËÙØÃÅÑÔ ÊÉËÙ ÈØØÈÉÑÕÅ ÈÕÔ ÅÉÃÑ ÔÑÕÓÆÅÎ ÇÈÄÃÑÓÞ and volume shrinkage, Àíä 
ÉÈÕàÆÕà
the porosity from 69 to 74% with 73-76% volume shrinkage values (Witrowa-Rajchert and Rząca, À
í
å 
ÛÜÜ
@).  À
í
æ 
ç
ÃÉ
 results showed that the pre-drying osmodehydration treatment caused an increase in the porosity and À
í
ê 
ÓØÑÂÆÊÆÂ ÓÃÉÊÈÂÑ ÈÉÑÈ
 of dried rings, which corresponded to lower volume and area shrinkage (data reported À¿
í
 
ÆÕ
Rizzolo, Vanoli, Cortellino, Spinelli, & Torricelli, 2013), confirming the negative correlation between À¿¿ 
ØËÉ
osity and shrinkage found by Witrowa-Rajchert and Rząca (2009). The osmotic pre-treatment also À¿Á 
ÈÊÊÑÂÅÑÔ ÅÒÑ ÔÑàÉÑÑ ËÊ ØËÉÑ ÈÕÔ ÅÆÓÓÃÑ ÈÕÆÓËÅÉËØÎÞ ÐÒÆÂÒ ÈÉÑ È ÙÑÈÓÃÉÑ ËÊ ØÉÑÊÑÉÑÕÅÆÈÄ ÈÄÆàÕÙÑÕÅ ËÊ
 the À¿
Ì
 
ÓÅÉÃÂÅÃÉÑÞ ÈÕÔ ÅÒÑÎ ÈÉÑ ÓÂÈÄÑÔ ÊÉËÙ Ü ÊËÉ ÅËÅÈÄ ÆÓËÅÉËØÎ ÅË Ý ÊËÉ ÅËÅÈÄ ÈÕÆÓËÅÉËØÎì
Here noOSMO rings À¿À 
ÓÒËÐÑÔ ÒÆàÒÑÉ ØËÉÑ ÈÕÔ ÅÆÓÓÃÑ ÈÕÆÓËÅÉËØÎ ÇÈÄÃÑÓ ÅÒÈÕ
ç
×
èç
Û ÉÆÕàÓ
; this difference could be ascribed to À¿â 
ÒËÐ
 apple rings shrank with air-drying. In fact the light microscopy images of the section of two apple À¿ä 
ÉÆÕàÓ ÈÆÉ ÔÉÆÑÔ ÈÅ ÖÜ
rC
Þ ËÕÑ ÈÊÅÑÉ
@
Ü ÙÆÕ ËÊ ËÓÙËÓÆÓ ÈÕÔ ÅÒÑ ËÅÒÑÉ ÐÆÅÒËÃÅ ÅÒÑ ËÓÙËÅÆÂ ØÉÑ
-treatment À¿å 
ÉÑØËÉÅÑÔ ÚÎ
i
ËÚÚÆÞ
ó
ÈÉÉÆÓ
, Limbo, & Torreggiani (2012) showed that an important shrinkage took place À¿æ 
ÈÄËÕà ÅÒÑ ÅÒÆÂßÕÑÓÓ È
ð
ÆÓ ÆÕ ÅÒÑ ÕËÅ ØÉÑÅÉÑÈÅÑÔ ÓÈÙØÄÑÞÐÒÆÂÒ ÐÈÓ ÂÒÈÉÈÂÅÑÉÆôÑÔ ÈÄÓË ÚÎ ÊÈÉ ÊÑÐÑÉ ÇËÆÔÓÞ ÐÆÅÒ
À¿ê 
ÓÒÈØÑ ÕËÅ ÈÓ ÈÉËÃÕÔ ÈÓ ÅÒÑ ØÉÑ-treated ring. The positive effect of the osmotic pre-treatment on the dried ÀÁí 
ÉÆÕà ÓÅÉÃÂÅÃÉÑ was confirmed also by the values of tissue fragmentation index, the tissue thickness ÀÁ¿ 
ÔÆÓÅÉÆÚÃÅÆËÕ ÈÕÔ ØËÉÑ ÓØÈÂÑ ÅÒÆÂßÕÑÓÓ ÔÆÓÅÉÆÚÃÅÆËÕÓÞ ÆÕÔÆÂÈÅÆÕà ÅÒÈÅ ÆÕ
ç
×
èç
ÉÆÕàÓ ÅÒÑÉÑ ÐÈÓ È more ÀÁÁ 
ÂËÕÕÑÂÅÑÔ ÓËÄÆÔ ÓÅÉÃÂÅÃÉÑÞ ÐÆÅÒ
 a lower local thickness of the cell spaces and an higher proportion of larger ÀÁ
Ì
 
ØËÉ
es than in noOSMO rings. These different morphometric characteristics found for air-dried and osmo-ÀÁÀ 
ÈÆÉ
-dried apple rings greatly influenced the mechanical and acoustic parameters considered as indices of ÀÁâ 
ÉÆÕà ÂÉÆÓØÕÑÓÓì
 Hardness, gradient to the maximum force, Emod, fracturability, work required to the first ÀÁä 
ÊËÉÂÑ ÚÉÑÈßÔËÐÕ ÈÕÔ ÐËÉß ÅË ÓÕÈØ ÅÒÑ ÉÆÕà
 values indicated that air-dried ring were tough (strong and ÀÁå 
ÒÆàÒÄÎ ÔÑÊËÉÙÈÚÄÑ
), while the osmo-air-dried one were brittle (hard and weak), as previously found by ÀÁæ 
ó
ÈÉÉÆÓÞ
i
ËÚÚÆÞ
á
ËÉÉÑààÆÈÕÆ
, & Piergiovanni (2008) and Gobbi, Farris, Limbo, & Torreggiani (2012). In ÀÁê 
ÈÔÔÆÅÆËÕ ËÃÉ ÉÑÓÃÄÅÓ ÓÒËÐÑÔ ÅÒÈÅ slope, gradient_max and Emod slope mechanical parameters, which had ÀÌí 
ÒÆàÒÑÉ ÇÈÄÃÑÓ ÆÕ
ç
×
èç
ÉÆÕàÓÞ ÐÑÉÑ ØËÓÆÅÆÇÑÄÎ ÉÑÄÈÅÑÔ ÅË
N_sounds, N_sounds>60dB and avSPL, all À
Ì
¿ 
ÈÂËÃÓÅÆÂ ØÈÉÈÙÑÅÑÉÓ ÐÒÆÂÒ ÒÈÇÑ ÚÑÑÕ ÈÓÓËÂÆÈÅÑÔ ÅË È ÒÆàÒ ÓÑÕÓËÉÎ ÂÉÆÓØÕÑÓÓ
ã
×ÈÄÇÈÔËÉ, Varela, Sanz, & ÀÌÁ 
ó
ÆÓôÙÈÕ, 2009; Saeleaw & Schleining, 2011).  ÀÌÌ 
$
ÄÓË ÉÈÐ
material characteristics  (cultivar and ripeness degree) have an influence on apple air-dried ring À
Ì
À 
tÃÈ
lity. Konopacka & Plocharski (2001) found that prolonging the storage time of apple fruit (i.e., À
Ì
â 
ÆÕÂÉÑÈÓÆÕà ÉÆØÑÕÑÓ
s) the derived ring showed incresing density and decreasing thickness retention, and that À
Ì
ä 
ÈØØÄÑ ÉÆÕàÓ ØÉËÔÃÂÑÔ ÚÎ ÊÉÃÆÅ ÈÊÅÑÉ ØÆÂßÆÕà
ã
ÄÑÓÓ ÉÆØÑÏ ÈÕÔ ÈÄÓË ÅÒËÓÑ ØÉËÔÃÂÑÔ ÊÉËÙ ÓËÊÅÞ ËÇÑÉÉÆØÑ ÊÉÃÆÅ ÈÊÅÑÉ
À
Ì
å 
ÓÅËÉÈàÑ ÐÑÉÑ ÒÈÉÔÑÉ ÅÒÈÕ ÅÒËÓÑ ØÉËÔÃÂÑÔ ÊÉËÙ ÉÆØÑ ÊÉÃÆ
t. Higher ring hardness and crispness index were À
Ì
æ 
ÈÄÓË ÊËÃÕÔ ÚÎ
Rizzolo, Vanoli, Cortellino, Spinelli, & Torricelli (2011, 2012) in air-dried apple rings À
Ì
ê 
ØÉÑØÈÉÑÔ
either from fruit classified at harvest as less mature based on µa 670 or from fruit processed at ÀÀí 
ÒÈÉÇÑÓÅì
Our results indicate that using less mature apples based on µa 670 measured at harvest by TRS, air-ÀÀ¿ 
ÔÉÆÑÔ ÉÆÕà ÐÆÅÒ ÒÆàÒÑÉ ØËÉËÓÆÅÎ
and higher SPLav<60 could be produced, as well as osmo-air-dried ring ÀÀÁ 
ÒÈÇÆÕà È ÙËÉÑ
connected solid structure, with lower tissue and pore degree of anisotropy, and defined less ÀÀ
Ì
 
ÂÉÆÓØÎ ÚÎ ÈÂËÃÓÅÆÂ ØÈÉÈÙÑÅÑÉÓ
ã
ÄËÐÑÉ
SPLav>60 and lower avSPL) than osmo-air-dried rings produced by ÀÀÀ 
ÙËÉÑ ÙÈÅÃÉÑ ÊÉÃÆÅì
 ÀÀâ 
ÀÀä 
îì Conclusions ÀÀå 
X-CT images were used to compute microstructural descriptors, OCT images were used to visualize the 448 
subsurface structure, and force and sound pressure level profiles were used to evaluate crispness of air-449 
dried apple rings obtained with or without an osmodehydration pre-treatment. Higher crispness index, 450 
higher number of sound events and higher average SPL characterized the OSMO rings. Porosity was 451 
related to SPLav<60, tissue and pore anisotropy to SPLav>60, pore fragmentation index to fracturability and 452 
specific surface area to the work required to snap the ring. By using principal component analysis a 453 
differentiation of the drying treatments, as well as of the products according to the TRS maturity class at 454 
harvest were obtained. The differences in mechanical and acoustic characteristics between OSMO and Àââ 
ÕË
çSMO rings could be also due to the different subsurface structure as found with OCT analysis. Hence, Àâä 
ËÃÉ results confirm the usefulness of the osmotic step as a pre-treatment before air-drying in order to obtain Àâå 
ÂÉÆÓØÎ ÈÆÉ
-dried apple rings.  Àâæ 
ÍÅ ÂÈÕ ÚÑ ÂËÕÂÄÃÔÑÔ ÅÒÈÅ ÅÒÑÉÑ ÆÓ È ÂÄÑÈÉ ÉÑÄÈÅÆËÕ ÚÑÅÐÑÑÕ ÅÒÑ ÙÈÅÃÉÆÅÎ ÈÅ ÒÈÉÇÑÓÅ nondestructively assessed Àâê 
ËÕ Æntact fruit by TRS, the processing conditions and the microstructure features determined by X-CT and Àäí 
çCá
Þ ÈÕÔ ÅÑ
ð
ÅÃÉÑ tÃÈÄÆÅÎ
ã
ÂÉÆÓØÕÑÓÓÏ ËÊ ÔÉÆÑÔ ÈØØÄÑ ÉÆÕàÓì
TRS therefore holds a large promise for Àä¿ 
ÈØØÄÆÂÈÅÆËÕ ÈÓ È ÓÅÉÈÆàÒÅÊËÉÐÈÉÔ ÓËÉÅÆÕà ÅËËÄ ÊËÉ ËÚÅÈÆÕÆÕà ÒÆàÒ tÃÈÄÆÅÎ ÔÉÆÑÔ ÈØØÄÑ ÉÆÕàÓì
 ÀäÁ 
Àä
Ì
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